In this study, critical signaling pathway required for the stretch induced morphological changes of human umbilical endothelial cells (HUVECs) was investigated. Uniaxial cyclic stretch (1 Hz, 20% in length) of the cells cultured on an elastic silicon membrane induced a gradual morphological change in the cells from a polygonal shape to an elongated spindle-like shape whose long axis was aligned perpendicular to the stretch axis. We found that protein tyrosine phosphorylation of cellular proteins increased and peaked at 20 min in response to cyclic stretch. Either treatment of cells with gadolinium (Gd 3+ ), a potent blocker for stretch-activated channels, or removal of extracellular Ca 2+ blocked the tyrosine phosphorylation of the proteins, suggesting that stretch-activated (SA) ion channels regulated stretch speci®c tyrosine phosphorylation. The major phosphorylated proteins had molecular masses of approximately 120 ± 135 kDa, and 70 kDa. Immunoprecipitation experiments revealed that paxillin, focal adhesion kinase (pp125 FAK ) and pp130 CAS were included in the 70 kDa and 120 ± 135 kDa bands, respectively. The morphological change was inhibited by herbimycin A and genistein, inhibitors of tyrosine kinases, suggesting that tyrosine phosphorylation was required for the morphological change. In addition, the kinase activation of pp125 FAK was observed in response to cyclic stretch. Moreover, suppression of pp125 FAK expression by the antisense phosphorothioate oligodeoxynucleotides (S-ODN) in HUVECs resulted in inhibition of tyrosine phosphorylation of paxillin and the stretch-dependent morphological changes. These results suggest that an activation of tyrosine kinase(s) by an increase in intracellular Ca 2+ and pp125 FAK play a critical role in the unique morphological change speci®cally observed in endothelial cells subjected to uni-axial cyclic stretch.
In this study, critical signaling pathway required for the stretch induced morphological changes of human umbilical endothelial cells (HUVECs) was investigated. Uniaxial cyclic stretch (1 Hz, 20% in length) of the cells cultured on an elastic silicon membrane induced a gradual morphological change in the cells from a polygonal shape to an elongated spindle-like shape whose long axis was aligned perpendicular to the stretch axis. We found that protein tyrosine phosphorylation of cellular proteins increased and peaked at 20 min in response to cyclic stretch. Either treatment of cells with gadolinium (Gd 3+ ), a potent blocker for stretch-activated channels, or removal of extracellular Ca 2+ blocked the tyrosine phosphorylation of the proteins, suggesting that stretch-activated (SA) ion channels regulated stretch speci®c tyrosine phosphorylation. The major phosphorylated proteins had molecular masses of approximately 120 ± 135 kDa, and 70 kDa. Immunoprecipitation experiments revealed that paxillin, focal adhesion kinase (pp125 FAK ) and pp130 CAS were included in the 70 kDa and 120 ± 135 kDa bands, respectively. The morphological change was inhibited by herbimycin A and genistein, inhibitors of tyrosine kinases, suggesting that tyrosine phosphorylation was required for the morphological change. In addition, the kinase activation of pp125 FAK was observed in response to cyclic stretch. Moreover, suppression of pp125 FAK expression by the antisense phosphorothioate oligodeoxynucleotides (S-ODN) in HUVECs resulted in inhibition of tyrosine phosphorylation of paxillin and the stretch-dependent morphological changes. These results suggest that an activation of tyrosine kinase(s) by an increase in intracellular Ca Introduction Vascular endothelial cells in vivo show spindle-like shape aligning their long axis along the running of the vessel, whereas those cultured in vitro show`cobble stone' appearance without particular cell alignment. Several lines of evidence suggest that mechanical forces such as shear stress by blood¯ow (Franke et al., 1984; Masuda and Fujiwara 1990; Davies, 1995) and circumferential tension in the vessel are responsible for the coordinated morphological arrangement observed in vivo (Shirinsky et al., 1989; Iba and Sumpio 1991; Sokabe et al., 1997; Naruse et al., 1998) . However, the signal transduction pathway that regulates cell morphology in response to mechanical stimuli remains largely unclear. In particular the mechanotransduction process is the greatest missing link. At present, the only possible candidate for the mechanotransduction molecule in endothelial cells appears to be the Ca 2+ -permeable SA channel which was found by Lansman et al. (1987) in porcine pulmonary artery endothelial cells by use of the cellattached patch-clamp technique.
To search for the critical signaling for stretch activated morphological changes, we developed a system with cultured human endothelial cells on a chamber with a transparent elastic silicon membrane at the bottom. Using this apparatus, we demonstrated that stretching endothelial cells on the chamber increased [Ca 2+ ] i via SA channels and that the morphological changes under this condition were SA channel dependent (Sokabe et al., 1997; Naruse et al., 1998) . We also showed that uni-axial cyclic stretch induced cytoskeletal reorganization and redistribution of focal adhesions associated with morphological changes (Sokabe et al., 1997) . This elastic silicon chamber system has potential advantages in applying uniform and quantitative uni-axial mechanical stimuli to cells and could be used for a variety of biochemical studies as described in this paper.
A number of experiments have suggested that cytoskeletal re-organization follows protein tyrosine phosphorylation (Turner et al., 1989; Hamaguchi et al., 1993; Schoenwaelder et al., 1994) , and this has led us to further investigate the involvement of protein tyrosine phosphorylation of focal adhesion proteins, which are closely related to cytoskeletal dynamics, in morphological changes of human endothelial cells by uni-axial cyclic stretch.
Here, we show that protein tyrosine phosphorylation is required for the stretch speci®c morphological change, and is regulated by Ca 2+ in¯ux through SA channel. Moreover we present evidence that pp125 FAK plays a critical role in the morphological change by uni-axial mechanical stretch.
Results

Cyclic stretch induced protein tyrosine phosphorylation
We ®rst examined protein tyrosine phosphorylation in the cultured human umbilical endothelial cells sub-jected to uni-axial cyclic stretch by immunoblotting with anti-phosphotyrosine. In response to cyclic stretch of the cells, induction of protein tyrosine phosphorylation of multiple proteins peaked at M r 120 000 ± 135 000 and M r 770 000 was observed in a timedependent manner ( Figure 1a) . The lower panel in Figure 1a indicated that the same amounts of proteins were loaded in each lane. The elevation of phosphorylation level was detected 5 min after cyclic stretch, peaked at 20 min (2.2-fold increase in M r 120 000 ± 135 000, and 1.8-fold increase in M r 770 000) and declined gradually thereafter (Figure 1b) .
To ensure that the anti-phosphotyrosine antibody used here speci®cally recognized the tyrosine phosphorylated protein, a immunoblotting was performed in the presence of excess amount of phosphotyrosine. As shown in Figure 1c , phosphorylated tyrosine inhibited the binding of anti-phosphotyrosine antibody to tyrosine phosphorylated proteins, while phosphoserine or phosphothereonine had no eect on immuno-detection patterns ( Figure  1c ).
Involvement of SA channels and Ca
2+ in the protein tyrosine phosphorylation
As we have demonstrated that the SA channel was activated in response to stretch (Naruse and Sokabe, 1993) , its role in stretch dependent protein tyrosine phosphorylation was examined. Previously we showed that both the application of Gd 3+ and/or the removal of extracellular Ca 2+ completely inhibits the stretch activated [Ca 2+ ] i increase. In cells stretched in the presence of 20 mM Gd 3+ , stretch dependent tyrosine phosphorylation was strongly blocked (Figure 2 ). Since Ca 2+ can permeate through the SA channels in our preparation (Naruse and Sokabe, 1993) , we examined the eect of extracellular Ca 2+ removal on the tyrosine Phosphorylated tyrosine inhibited the binding of antiphosphotyrosine antibody to tyrosine phosphorylated proteins, whereas phosphoserine and phosphothreonine had no eect on immuno-detection patterns phosphorylation. The stretch speci®c phosphorylation was inhibited by the removal of extracellular Ca 2+ with 5 mM of EGTA (Figure 2 ). These results suggest that in¯ux of Ca 2+ via SA channels is necessary for the activation of protein tyrosine kinases during cyclic stretch.
Protein tyrosine phosphorylation is involved in stretchinduced morphological response Figure 3 shows eect of genistein, an eective inhibitor of tyrosine kinases (Akiyama et al., 1987) and herbimycin A, another inhibitor of tyrosine kinases (Satoh et al., 1992) on the tyrosine kinase activity detected on immunoblots using anti-phosphotyrosine antibodies. Preincubation with 17.5 mg/ml genistein for 4 h or preincubation with 1 mg/ml herbimycin A for 12 h inhibited the tyrosine-phosphorylation induced by cyclic stretch in a dose-dependent manner.
To investigate whether tyrosine phosphorylation is involved in the morphological response induced by cyclic stretch, we examined the eect of genistein on the responses. Without stretch, the cells showed little change in their morphology (Figure 4 , left lane, phase contrast images) and no tendency to exhibit a particular orientation at any time point ( Figure 5 , left lane, histograms). As reported previously (Naruse et al., 1998; Sokabe et al., 1997) , the orienting response of endothelial cells to cyclic stretch was apparent as early as 30 min and became prominent at 60 min ( and EGTA on the cyclic stretch induced protein tyrosine phosphorylation. The level of protein tyrosine phosphorylation was detected by using ECL, quanti®ed by densitometry, and is presented as a fold increase of the static control. Externally applied Gd 3+ (20 mM) or EGTA (5 mM) signi®cantly (P50.05) inhibited the protein tyrosine phosphorylation level of broad bands of M r 120 000 ± 135 000 and M r 770 000 Figure 3 Eect of tyrosine kinase inhibitors on the cyclic stretch induced protein tyrosine phosphorylation. The level of protein tyrosine phosphorylation was detected by using ECL, quanti®ed by densitometry and is presented as a fold increase of the static control. Cyclic stretch induced 2.2-and 1.8-fold increases in protein tyrosine phosphorylation for M r 120 000 ± 135 000 and for M r 770 000 proteins, respectively. Both increases were signi®cantly (P50.05) inhibited by the preincubation with herbimycin A or genistein CAS immunoprecipitated from stretched cells was much higher compared with that in static cells ( Figure 6c ). As shown in Figure 1a , total cell lysate contained a broad band of M r 120 ± 130 kDa probed with anti-phosphotyrosine Ab. We have investigated whether other proteins such as pp120, and vinculin were included in the broad band of M r 120 ± 130 kDa. Immunoprecipitation experiments with the antibodies to these proteins did not show any detectable increase in tyrosine phosphorylation in response to stretch. However, there seems to be other unidenti®ed tyrosinephosphorylated proteins in this broad band.
To emphasize the association of pp125 FAK phosphorylation with the morpholigical changes, the inhibition of the tyrosine phosphorylation of the immunoprecipitated pp125 
Antisense pp125
FAK inhibited morphological change in response to stretch Since pp125 FAK was one of the major tyrosine phosphorylated proteins in response to cyclic stretch, we examined the role of pp125 FAK by incorporation of its antisense S-ODN. As shown in Figure 9a , the expression level of pp125 FAK in the antisense S-ODN treated cells was suppressed to less than 10% as compared to that in the sense S-ODN treated cells. The expression level of other proteins, such as actin, was not changed signi®cantly (Figure 9b ). The depletion of pp125
FAK was observed at 24 h and peaked at 48 h after the antisense S-ODN treatment. HUVECs cultured on the silicon membrane and treated with the antisense S-ODN against pp125
FAK for 48 h were subjected to uni-axial cyclic stretch for 1 h. The antisense S-ODN treated HUVECs did not show detectable morphological changes in response to mechanical stretch (Figure 9c (Figure 10 ). These data suggest that pp125 FAK is essential for the phosphorylation of paxillin in response to cyclic stretch. We have also investigated whether the antisense S-ODN treatment may modulate the formation of focal adhesion under a re¯ection laser confocal microscopy. In both the sense-and antisense S-ODN treated cells, the formation of focal adhesion could be observed at the periphery of the cells and we could hardly observe any dierences in the size and the number of focal adhesions (data not shown).
Discussion
We have demonstrated that tyrosine phosphorylation is involved and that pp125 FAK plays a critical role in the unique morphological changes of endothelial cells in response to uni-axial cyclic stretch. Several observations are consistent with the notion that phosphotyrosine accumulation is involved in the process of the stretch induced morphological changes. First, the time course of the level of the phosphorylation resembles closely that of the morphological changes. Second, treatment with genistein or herbimycin A not only inhibited the stretch induced tyrosine phosphorylation but also blocked the morphological change. Finally, antisense pp125 FAK impaired the morphological changes induced by uni-axial cyclic stretch.
Pp125 FAK was originally identi®ed by its high level of tyrosine phosphorylation in v-src transformed cells (Kanner et al., 1990) . A role of pp125 FAK in the assembly of focal adhesions is suggested by the ®nding that the tyrosine kinase inhibitor herbimycin A reduces both the adhesion-induced tyrosine phosphorylation of pp125 FAK (Burridge et al., 1992) . Activation of pp125 FAK has been reported to be induced by the adhesion of the cell to the extracellular matrix, by clustering of integrins (Guan and Shalloway, 1992; Kornberg et al., 1992) , by neuropeptides such as bombesin (Zachary et al., 1992) and by v-src . In ®broblasts from pp125 FAK -de®cient (7/7) mice showed reduced cell motility and enhanced formation of focal adhesion contacts indicating that pp125 FAK may be involved in the turnover of focal adhesion contacts during cell migration (Ille et al., 1995) . In pp125 FAK (7/7) cells focal adhesions were stained as patches scattered all over the ventral surfaces facing the substrate, whereas in pp125 FAK (+/+) cells they were found at the cell periphery in the form of typical focal adhesions. There were several times as many patches in pp125 FAK (7/7) cells than in pp125 FAK (+/+) cells. In contrast to their data, the treatment with antisense S-ODN against pp125 FAK did not alter the formation of focal adhesions. Our results together with their ®ndings suggest that pp125 FAK activation is required for the stretch-dependent morphological changes.
Paxillin co-localizes with pp125 FAK , and is suggested to be one of substrates of pp125 FAK . Our data with antisense S-ODN against pp125
FAK also supported the idea that paxillin is a substrate of pp125 FAK . As paxillin also co-localizes with vinculin, and integral molecules at the termini of actin stress ®ber bundles in cell attachment structures known as focal adhesion, depletion of paxillin with antisense S-ODN against paxillin would alter the stretch dependent morphological changes. However, we could not succeed the antisense S-ODN experiments.
Many types of SA channels, including those from endothelial cells, are reported to be cation selective with a high Ca 2+ permeability (Guharey and Sachs, 1984; Lansman et al., 1987; Martinac et al., 1990; Bowman et al., 1992; Cemerikic and Sackin, 1993) . Thus it can be speculated that activation of SA channels mediates an intracellular Ca 2+ increase that may activate a downstream signal cascade leading to cell responses. In fact mechanical stimuli induced an intracellular Ca 2+ increase in hair cells (Ohmori, 1985) , endothelial cells (Naruse and Sokabe 1993) , and smooth muscle (Bialecki et al., 1992 . A similar observation has been reported in mechanotransduction channels of hair cells in the chick inner ear (Ohmori et al., 1985) and Mn 2+ is thought to be one of the most permeable cations for such type of ion channels (Okada et al., 1990) , but not for voltagedependent Ca 2+ channels. Third, the replacement of extracellular Na response. Taken together, we hypothesized that the stretch-induced Ca 2+ increase was mediated by SA channel activation (Naruse and Sokabe 1993) . It is natural to expand this hypothesis to understand the molecular cascade in the stretch induced morphological response in the present study. As shown in Figure 2 , the stretch induced tyrosine phosphorylation was dependent on extracellular Ca 2+ and inhibited by Gd
3+
. Recently we found that stretch induced morphological changes in endothelial cells were also dependent on extracellular Ca 2+ and inhibited by Gd 3+ suggesting the involvement of SA channels in this phenomenon (Naruse et al., 1998; Sokabe et al., 1997 ] i increase links to the phosphorylation and how pp125
FAK is phosphorylated during the morphological response remain to be solved. Our preliminary observation suggested that the kinase activity of src increased twofold (n=5) in response to stretch and peaked at 15 min (Data not shown).
The involvement of protein tyrosine phosphorylation in the stretch-induced morphological response in endothelial cells may be shared with other cell types. Uni-axial cyclic stretch also induced cell alignment in ®broblasts (Sai et al. in preparation) . In rat ®broblast cell line (3Y1), cyclic stretch induced tyrosine phosphorylation of focal proteins and morphological changes such as orientation and elongation.
Finally, the orienting response of the stretched cells must include some mechanisms that convert the spatial polarity of uni-axial stretch into morphological polarity of the cell. One possible mechanism leading to such a polarity may be a polarized increase in [Ca 2+ ] i as observed in the cell migration of neutrophils (Klee et al., 1989) . However, we have not succeeded in detecting such a spatially heterogeneous [Ca 2+ ] i increase during uni-axial cyclic stretch, although further measurements are in progress. Alternatively the polarity of the force may be transduced through integrins, a putative mechanotransducer (Ingber, 1991) . It is possible that this signaling mechanism induces the observed tyrosine phosphorylation concerted with the stretch-induced [Ca 2+ ] i increase.
Materials and methods
Cell preparation
Endothelial cells were prepared from human umbilical cord vein as described previously (Gimbrone, 1976) . In brief, human umbilical cord was aseptically removed from placenta just after a birth. Vein was washed with phosphate buered saline, followed by treatment with 0.2% trypsin for 10 min. The perfusate was centrifuged at 1500 r.p.m. for 10 min. The resulting cells were washed with phosphate-buered saline (PBS, 137 mM NaCl, 8.10 mM Na 2 HPO 4 , 2.68 mM KCl, 1.47 mM KH 2 PO 4 , pH 7.40) again, then plated in 35 mm dishes and maintained in CS-1.0 Venous EC Medium Human Endo Cell Growth Medium (Cell Systems Corporation Kirkland, WA). The cells used were within 2 ± 4 passages.
Application of cyclic stretch
Endothelial cells were removed from the dish with 0.01% EDTA ± 0.02% trypsin and transferred onto a 4 cm 2 silicon chamber coated with 50 mg/ml ®bronectin at a density of 5610 4 cells/cm 2 . The silicon chamber has a 200 mm-thick transparent bottom (20620 mm) and the side wall is 400 mm thick to prevent narrowing of the bottom center. One end of the chamber is ®rmly attached to a ®xed frame, while the other end is held on a movable frame. The movable frame is connected to a motor driven shaft. The amplitude and the frequency of stretch was controlled by a programmable microcomputer. Silicon membrane was uniformly stretched over the whole membrane area and lateral thinning did not exceed 1% at 20% stretch.
Analysis of cell morphology
The morphology of cells on the silicon chamber was analysed in photographs of phase contrast images obtained through a 106 objective (Olympus, Tokyo Japan). The photographs were digitized by a ®lm digitizer (Nikon Cool Scan, Tokyo Japan) and captured images were analysed using a image analysis program (Mocha TM , Jandel Scienti®c) running on Windows 3.1.
Immunoblotting
At the end of the cyclic stretch, endothelial cells were washed three times with ice-cold PBS containing 0.5 mM Na 3 VO 4 , and cells were lysed with sample buer (62 mM Tris pH 6.8, 2% SDS, 1% mercaptoethanol, 0.003% bromophenol blue, 5% glycerol). Total cell lysates from equivalent cell numbers, or immunoprecipitated proteins were separated by SDS ± PAGE (12.5%) under reducing conditions. The proteins were transferred electrophoretically onto polyvinylidene¯uoride membranes (Immobilon P; Millipore Corp., Bedford, MA). The membranes were blocked with 3% ovoalbumin in PBS. The membranes were subsequently probed with anti-phosphotyrosine antibody (1 : 1000 dilution) in PBS containing 3% ovoalbumin for 1 h. The antibody-antigen complexes were detected by using horseradish peroxidase-conjugated goat anti-rabbit IgG (1 : 1 000 dilution). Immunoreactivity was determined using the ECL chemiluminescence reaction (Amersham Corp., Arlington Heights, IL) according to the instructions provided by the manufacturer and was measured using densitometory.
Immunoprecipitation
At the end of cyclic stretch, endothelial cells were washed three times with ice-cold PBS containing 0.5 mM Na 3 VO 4 , followed by lysis by the addition of RIPA buer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 10 mM Tris pH 7.2, 20 mg/ml aprotinin, 1 mM phenylmethylsulfonyl¯uoride (PMSF), 1 mM Na 3 VO 4 ). RIPA extracts were clari®ed at 25 000 g for 30 min. This and all subsequent steps were carried out at 48C. Lysates were incubated with monoclonal mouse anti-paxillin and anti-pp125 FAK antibodies for 1 h. Immune complexes were incubated for 30 min with 30 ml of protein A-sepharose precoated with 1 mg/ml of rabbit anti-mouse immunoglobulin. Immunoprecipitates were washed three times in RIPA buer. To examine tyrosine phosphorylation of pp125 FAK and paxillin, immunoprecipitates were eluted from protein-A sepharose, separated by SDS ± PAGE, and subjected to immunoblotting with anti-phosphotyrosine polyclonal antibody (1 : 1000 dilution). Anti-paxillin monoclonal antibody (1 : 250 dilution) and anti-pp125 FAK monoclonal antibody (1 : 250 dilution) were used for re-probing to check if equivalent amount of proteins were immunoprecipitated (data not shown).
In vitro kinase assay
At the end of cyclic stretch, cell lysates were incubated for 30 min with monoclonal mouse anti-pp125 FAK antibody (2A7, UBI) for 1 h. Immune complexes were incubated for 30 min with protein A-sepharose precoated with rabbit anti-mouse immunoglobulin. Immunoprecipitates were washed three times in RIPA buer and twice in kinase assay buer (10 mM Tris-HCl, pH 7.40, 5 mM MnCl 2 ). The resulting immunoprecipitates were incubated with 100 mM [g-32 P]ATP in 25 ml of kinase assay buer at 308C for 10 min and were resolved by SDS ± PAGE (10%) followed by image analysis by BAS1500 system (Fuji Film).
Anti-sense phosphorothioate oligonucleotide incorporated into HVJ-liposome
The sequences of phosphorothioate oligodeoxynucleotides (S-ODNs) against human pp125 FAK (Whitney et al., 1993) used in this study were as follows: antisense pp125 FAK (5'-AAGCAGCTGCCATTATTTTG-3'), sense pp125 FAK (5'-CAAAATAATGGCAGCTGCTT-3'). These S-ODNs were synthesized and gel-puri®ed by Rika-ken Co. Ltd. (Nagoya, Japan). Hemagglutinating virus of Japan (HVJ)-liposomes was prepared as follows (Kaneda et al., 1989) : Phosphatidylserine, phosphatidylcholine, and cholesteral were mixed in a weight ratio of 1 : 4.8 :2. The lipid mixture (10 mg) was deposited on the side of a¯ask by removal of tetrahydrofuran in a rotary evaporator. Dried lipid was hydrated in 200 ml of balanced salt solution (BBS=137 mM NaCl, 5.4 mM KCl, 10 mM Tris-HCl, pH 7.6) containing sense or antisense ODNs (100 nmol). Liposomes were prepared by shaking and sonication. Puri®ed HVJ (Nagoya strain) was inactivated by UV irradiation (110 ergs per mm 2 per s) for 3 min just before use. The liposome suspension (0.5 ml, containing 10 mg of lipids) was mixed with HVJ (10 000 hemagglutinating units) in a total volume of 4 ml of BSS. The mixture was incubated at 48C for 5 min and then for 30 min with gentle shaking at 378C. Free HVJ was removed from the HVJliposomes by sucrose density gradient centrifugation. The top layer of the sucrose gradient was collected for use. The ®nal concentration of antisense ODN is equivalent to 3 mM, as calculated. HUVECs on silicon membrane were washed with BSS and 200 ml of HVJ-liposomes was then added to the silicon chamber. The cells were incubated at 48C for 5 min and then at 378C for 30 min. Cells were maintained in Humedia-EG2 (Kurabo, Osaka) for 48 h and used for the experiments.
Statistics
All values are expressed as mean+standard error of the mean (s.e.m.). Analysis of variance with subsequent Student's t test was used to determine signi®cant differences in multiple comparisons. P50.05 was considered signi®cant.
Materials
Rabbit polyclonal anti-phosphotyrosine antibody was prepared with v-abl-encoded protein expressed in bacteria as described previously (Hamaguchi et al., 1988) . Mouse anti-pp125 FAK antibody, mouse anti-paxillin were purchased from Transduction Laboratories (Lexington, KY). Rabbit anti-mouse IgG and goat anti-rabbit IgG were obtained from Sigma (St Louis, MO). Herbimycin A and genistein were purchased from Wako (Tokyo, Japan). Gadolinium (III) chloride hexahydrate was purchased from Aldrich Chem. Co. Human plasma ®bronectin was purchased from Ko-ken Co. Ltd (Tokyo, Japan). Other chemicals used were of special grade.
